The aim of this study was to compare the shear bond strengths (SBS) of cast, machined, and laser-sintered titanium to dental porcelain. Two kinds of dental porcelains (Titankeramik and Triceram) were applied on cast (Tritan), machined (DC-Titan), and laser-sintered (EOSINT) titanium specimens (n=10). SBS test was conducted, and fracture surface analysis was also performed to determine the failure modes. Two-way ANOVA, Student's t-test, and post hoc test were used to analyze the data (p<0.05). Among the titanium specimens, the SBS values of laser-sintered titanium specimens were significantly higher than the machined and cast titanium specimens (p<0.01). Comparison of Triceram and Titankeramik veneering porcelains showed no statistically significant differences in SBS when they were applied on laser-sintered and cast titanium specimens (p>0.05). Specimens in all the test groups exhibited adhesive or combined failure, with the Titankeramik-machined titanium group exhibiting the highest adhesive failure rate (40%). Results showed that porcelain-titanium bond strengths could be improved by using the new laser sintering technique to produce titanium for prosthodontic applications.
INTRODUCTION
Metals have been widely used as biomaterials for many centuries 1) . Noble metal alloys, by virtue of their good mechanical properties, excellent biocompatibility, and outstanding metal-porcelain bond strength, have been used in dentistry for more than 90 years 2) . However, they have been replaced by base metal alloys because of their high cost 2, 3) . While base metal alloys have superior mechanical properties, they have poor biocompatibility and low corrosion resistance 4) . Consequently, the two-pronged concerns about the high price of noble alloys and the allergenic and carcinogenic properties of base metal alloys sparked an interest in the use of titanium for dental prostheses 1) . Titanium has become a material of choice in prosthetic dentistry because of these advantages: high strength and low weight, low modulus of elasticity, low thermal conductivity, excellent corrosion resistance, and costs lower than typical noble metal materials 5, 6) . Moreover, because of its excellent biocompatibility, titanium has also become a material of choice for fixed or removable partial dentures if the patient has metal allergy 7) . In the fabrication of cast metal restorations, the lost-wax casting technique is one of the most widely used methods 1) . However, there are several technical problems associated with titanium investment castings, such as shrinkage and porosity formation 8) . This is because titanium has an extremely low density (4.5 g/cm 3 ), which reduces its mold-filling ability (castability) and consequently results in incomplete margins 9) . Besides, ingredients of the investment compound react with molten titanium at high temperatures during casting. Diffusion of free oxygen atoms into titanium formed a hard surface layer (-case layer) on the cast surface 10) . The formed -case layer is then responsible for reduced mechanical properties in terms of ductility, fatigue resistance 11) , and bond strength to veneering porcelains 5) . To date, alternative methods for producing titanium restorations were developed, such as Computer Aided Design/Computer Aided Manufacturing (CAD/CAM) machining of titanium and laser sintering 8) . An example of such CAD/CAM systems is Procera, which fabricates titanium restorations with a combination of copy milling, spark erosion, and laser welding 12) . DCS is another CAD/ CAM system for titanium. A key advantage of CAD/ CAM machining over casting is that it precludes the formation of the hard surface layer encountered with titanium castings, hence ensuring adequate porcelaintitanium bonding 13) . Besides, a thinner oxide layerwhich was more compatible with the porcelain systemswas reportedly formed on milled titanium surfaces 10, 14, 15) . Despite the advantages of high precision and improved porcelain-titanium bonding, the CAD/CAM process is time-consuming and generates substantial material waste. Besides, it has limited capability in the production of complex shapes, and post-production manual finishing is still required.
Laser sintering is the newest technology in metal manufacturing. It allows efficient and direct production of customized metal parts from different types of metal alloys, including titanium, without any additional costintensive pre-and post-processing. This is how laser sintering works. A high-power laser beam is used to melt a bed of metal alloy powder by following a predetermined path layer by layer. This path is created from a CAD file, which in turn is created from scanned data. In particular, laser sintering is well suited for the production of metal components with complex shapes without any need for post-production manual finishing 16) . Currently, EOSINT M systems (EOS GmbH, Munich, Germany) can produce EOS Titanium Ti64 parts via the laser sintering technique of a pre-alloyed Ti6AlV4 alloy in fine powder form. A focused laser beam melts and fuses the Ti64 powder and creates a solid part layer by layer with high accuracy, excellent detail resolution, and good surface quality. For Ti6AlV4, standard processing parameters produce full melting of the entire geometry with 30-µm layer thicknessalthough thinner or thicker layers are possible by means of sophisticated hardware and software control. The Ti6AlV4 light alloy is characterized by excellent mechanical properties and corrosion resistance, a high degree of biocompatibility, and a low specific weight. It is therefore ideal for the production of biomedical implants. Moreover, parts built from EOS Titanium Ti64 can be machined, spark-eroded, welded, micro shot-peened, polished and coated as needed 17) . A mandatory requirement of metal-ceramic restorations is a durable metal-ceramic bond 16) . Insufficient bonding between the metal core and veneering porcelain will cause functional and aesthetic problems, ultimately resulting in debonding and failure. Apart from the formation of a thick oxide layer on the titanium surface which causes bond strength to decrease, another factor that compromises bonding durability lies in the mismatch of coefficients of thermal expansion (CTE) between titanium and porcelain 18) . Titanium has a lower CTE (8.4×10
−6 /°C) than metal alloys (13−16×10 −6 /°C), and this CTE mismatch causes bonding failures in titanium-porcelain systems 11) . For this reason, low-fusing porcelains (with firing temperatures as low as 750°C) were developed to minimize the CTE difference between titanium and porcelain 17) . On the other hand, a low firing temperature resulted in suboptimally sintered ceramics, which then also resulted in weaker bonding with the titanium substrate 9) . Although numerous studies had evaluated the bond strength of veneering porcelains to titanium substructures, none had compared the bonding performance as a result of different titanium production techniques. Therefore, the aim of this study was to evaluate the shear bond strengths (SBS) of cast, machined, and laser-sintered titanium materials to different veneering ceramics. The hypothesis tested was that titanium production technique would affect titanium-porcelain bond strength.
MATERIALS AND METHODS

Titanium specimens
A total of 60 titanium specimens were prepared: 20 cast specimens, 20 machined specimens, and 20 lasersintered ones. Titanium materials used in this study are listed in Table 1. 1. Cast titanium specimens Twenty specimens, 7 mm in diameter and 3 mm in height, were prepared using a special stainless steel mold with a methacrylate resin (Paint Acryl, Schütz Dental GmbH, Rosbach, Germany). They were invested using a special investment for titanium casting (Rematitan Plus, Dentaurum, Ispringen, Germany). After setting, the investment blocks were heated in a furnace in accordance with the manufacturer-stipulated firing schedule. Specimens were cast with grade 1 pure titanium (Tritan, Dentaurum, Ispringen, Germany). 2. Machined titanium specimens Twenty machined (CAD/CAM-milled) and disk-shaped titanium specimens of 7 mm diameter and 3 mm height were prepared according to manufacturer's instructions by using an industrially produced block of pure titanium (DC-Titan, DCS Dental AG, Allschwil, Switzerland). Disk geometry was defined and calculated using a CAD software. Control and milling data were then forwarded to the milling machine. 3. Laser-sintered titanium specimens Twenty laser-sintered specimens were produced using the EOSINT M 270 system (EOS GmbH, Munich, Germany) which built up parts additively layer by layer. Using a focused laser beam, the EOSINT M 270 machine melted and fused EOS Titanium Ti64 powder into a solid part. By means of sophisticated hardware and software control, 30-µm layers were created. The specimens were produced directly and fully automatically from 3D CAD data without any tooling.
Veneering procedure
Bonding surfaces of the titanium specimens were polished with 600-grit silicon carbide papers (English Abrasives & Chemicals Ltd., London, England). This was done under water-cooling on a polisher machine Table 1 Titanium production techniques and materials used in this study (Phoenix Beta Grinder-Polisher, Buehler, Germany) to standardize surface roughness. After surface polishing and finishing, each specimen surface was tested with Mahr Perthometer M1 (Germany) to ensure a uniform surface finish for all specimens. For bonding surface pretreatment, airborne particle abrasion with 110-µm aluminum oxide (Al2O3) particles was applied for 15 seconds at 3.5 bar pressure and at a distance of 10 mm from the surface. Finally, the specimens were ultrasonically cleaned in distilled water for 5 minutes followed by steam cleaning for 10 seconds.
For each group of titanium specimens, they were further divided into two subgroups of 10 specimens each according to the two types of veneering porcelains used in this study: Titankeramik (Vita Zahnfabrik, Bad Säckingen, Germany) and Triceram (Dentaurum, Ispringen, Germany).
A specially designed separable stainless steel mold was used to standardize the veneer porcelain size for all titanium specimens. A titanium specimen was placed in this mold, with a clearance of 5 mm diameter and 3 mm height above the titanium material to condense the veneer porcelain. Using the manual layering technique, the veneering procedure was carried out in the following order according to manufacturers' instructions: bonder, opaque, dentin, and glaze (Table 2) . Taking firing shrinkage into consideration, a micro-measuring device (Digimatic caliper, Mitutoyo Corp., Kawasaki, Japan) with a minimum reading of ± 0.001 was used to measure the exact diameter of the porcelain part of the bonded specimens before SBS testing.
Shear bond strength test
Each bonded specimen was embedded in a metal ring holder, 13 mm in height and 15 mm in diameter, with an acrylic resin (Meliodent, Heraeus Kulzer, Hanau, Germany) and with the titanium-porcelain interface facing upwards and positioned at the center (Fig. 1) . Each metal holder was mounted in a universal testing machine (Model 3345, Instron Corp., Norwood, MA, USA), and the load was applied with a shearing blade which had a 1-mm-thick cutting edge. Each bonded specimen was secured and stabilized to ensure that the edge of the shearing blade was in contact with the titanium surface and positioned as close as possible to the interface (Fig. 2) Mean shear bond strengths and the standard deviations for each test group were calculated from these data.
Fracture surface analysis
The fractured surfaces were visually analyzed using a dental operating microscope (Carl Zeiss 398253 OPMI PICO, Essen, Germany) at original magnification ×25 to determine the failure mode of each specimen. Failure modes were classified as cohesive failure within the veneer porcelain, adhesive failure between titanium and porcelain, or a combination of both. 
Statistical analysis
RESULTS
The mean surface roughness values of laser-sintered, machined, and cast titanium specimens were 0.216 µm, 0.228 µm, and 0.219 µm respectively. Obtained readings indicated that the surface roughness of the titanium specimens was indeed standardized as intended.
Shear bond strength
The mean SBS values and their standard deviations are summarized in Table 3 . Results of the statistical analysis which evaluated the effects of titanium production technique, veneer porcelain, and their interaction on SBS are summarized in Table 4 . Two-way ANOVA showed that SBS was significantly affected by the titanium production technique factor (p<0.001) and the titanium-veneer interaction (p<0.05) ( Table 4) . On the other hand, the veneer porcelain factor did not have a significant effect on SBS (p>0.05).
For both Triceram and Titankeramik veneering porcelains, their highest mean SBS values were achieved with laser-sintered titanium (Table 3) . When veneered on laser-sintered titanium or cast titanium, Student's t-test revealed that there were no statistically significant differences in SBS between Triceram and Titankeramik porcelains (p>0.05). Conversely, when veneered on machined titanium, the mean SBS value of Triceram was significantly higher than that of Titankeramik (p<0.05).
Post hoc test evaluation of the three titanium material groups showed statistically significant differences in SBS between laser-sintered titanium and the other two titanium materials. The mean SBS value of laser-sintered titanium was significantly higher than those of machined and cast titanium materials (p<0.01) ( Table 3) . Table 5 shows the distribution of the specimens' failure modes in this study. There were no incidences of cohesive Table 3 Shear bond strengths of test groups [mean value (standard deviation) in MPa] and analysis results according Student's t-test and post hoc test among the groups failure within the veneer. The highest incidence of combined failure (90%) was found in these test groups:
Failure mode distribution
Triceram-machined, Triceram-laser-sintered, and Titankeramik-cast titanium. The highest incidence of adhesive failure (40%) was found in Titankeramikmachined titanium group.
DISCUSSION
The clinical performance of metal-porcelain restorations is usually estimated using mechanical strength tests, which largely focus on the bonding performance between the veneering porcelain and the metal surface 19) . For example, in an SBS test, two materials are loaded in shear until separation occurs; upon failure, bond strength is calculated by dividing the maximum applied force by the cross-sectional area of the bonding surface 20) . SBS test is widely used because of its relative simplicity of use, ease of specimen preparation, clear test protocol, and rapid production of test results 21) . However, large variations exist among laboratory test results, such that they cannot be reliably used to predict clinical situations 21) . Therefore, SBS test methods must be standardized to improve the clinical usefulness of this laboratory test. In this study, test parameters as recommended by ISO TR 11405 were used 22) . To date, this is the first study which investigated the effect of titanium production technique (cast, machined, and laser-sintered titanium) on titanium-porcelain bond strength and failure mode. Results obtained in this study supported the proposed hypothesis, where lasersintered titanium specimens achieved higher bond strengths than cast and machined titanium specimens. The mean bond strength values recorded for lasersintered titanium specimens ranged between 32 and 33 MPa, as compared to 25.1−28.6 MPa range for cast titanium and 18.9−25.5 MPa range for machined titanium. Differences in bond strength values could be attributed to differences in the morphologies of the sandblasted surfaces of cast, machined, and lasersintered titanium, as well as differences in titanium oxidation characteristics such as oxide layer thickness or adherence 16) . Many in vitro studies have indicated that the bond strength of cast titanium tended to be lower because of the formation of '-case' surface layer when titanium was cast 8) . In this study, the mean bond strength of cast titanium ranged between 25 and 28 MPa, which was in agreement with several published studies 9, 23, 24) . 13) . In the present study, Triceram veneer porcelain showed the same results to both cast (25.1 MPa) and machined titanium (25.5 MPa); but for Titankeramik porcelain, the bond strength to machined titanium (18.9 MPa) was significantly lower than that to cast titanium (28.6 MPa). As for Pang et al., no statistically significant differences in bond strength to porcelain were found between cast and machined titanium 25) . The bond strength between titanium and porcelain depends on several factors: characteristics of oxide film on titanium substrate, CTE mismatch between titanium and porcelain, and mechanical and chemical bonding between titanium and porcelain. The high sensitivity of titanium against oxygen may be due to the overproduction of an oxide layer on the surface 3) . Adachi et al. suggested that nonadherent titanium oxide was formed during porcelain firing, such that inconsistent oxide adherence to titanium resulted in low bond strength between porcelain and titanium 26) . To minimize CTE difference between titanium and porcelain, special low-fusing veneer porcelains have been developed by manufacturers 27) . However, a low firing temperature resulted in sub-optimally sintered ceramics, which then resulted in a weaker bonding with titanium 9) . Microcracks, surface structure, and surface roughness can induce mechanical bonding in metalporcelain systems and contribute to increased bond strength between metal and porcelain 18) . In addition to mechanical bonding, metal-porcelain bond strength can be further enhanced through chemical bonding 28) . According to Fischer, chemical bonding played a more significant role in enhancing metal-porcelain bond strength than mechanical interlocking, which was obtained by roughening the surface 29) . In the present study, mechanical bonding was not a decisive factor because of standardized surface roughness. Therefore, it could be suggested that during the production of lasersintered titanium specimens, differences in chemical Laser-sintered 10 90 Table 5 Failure mode distribution in percentage (%) properties (such as element distribution) accounted for the higher bond strength. Nonetheless, further research is needed to elucidate the nature of the chemical bonding of laser-sintered titanium. According to Craig and Powers 20) , a fracture stress greater than 25 MPa implied an adequate bonding in a metal-ceramic system. In the present study, the failure stress of all test groups exceeded 25 MPa, except for machined titanium-Titankeramik group (18.89 MPa). Moreover, since adhesive failures occur due to the absence of a good bond between a veneering material and a compatible core, the machined titaniumTitankeramik group recorded the highest adhesive rate (40%) in this study. Interestingly, however, all the other test groups also revealed adhesive and combined failures between titanium and veneer ceramics, with combined failures being recorded at 80−90% for almost all the test groups.
The effects of surface properties (such as surface roughness and geometry) and element distribution on titanium-porcelain interface were not examined in this study and this could be considered a limitation. In light of the intriguingly high incidences of combined failures of many test groups in this study despite their high bond strength values, these factors which could affect the bond strength of titanium materials should indeed be meticulously examined in future studies.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. Laser-sintering of the titanium powders to form a substructure yields a higher bond strength for a metal-porcelain restoration than the techniques of casting or machining titanium. 2. When veneered to laser-sintered titanium, there were no statistically significant differences in bond strength between Triceram and Titankeramik veneering porcelains. 3. The new laser sintering technique for titanium seems promising for prosthodontics. But before clinical use, future studies should be undertaken to investigate the physical and chemical characteristics of laser-sintered titanium materials as well as the fit of dental restorations constructed with this technique.
